Abstract-Applications of copper (Cu) nanorod arrays, produced by glancing angle deposition (GLAD) technique, which extends the function of conventional microstrip antennas to encompass passive wireless gas sensors at microwave frequencies are presented. The proposed microstrip antenna consists of Cu nanorod arrays grown on silicon wafers which were coated with thin films of Cu of 50 nm in thickness. To study the effect of the length of Cu nanorods on antenna performance, Cu nanorods of different lengths (400, 700, and 1000 nm) were fabricated. The effects of Cu nanorods morphologies (Cu thin film, closely-spaced Cu nanorods, and well-separated Cu nanorods), were investigated too. Conventional microstrip antennas based on sputtered Cu thin film were prepared for comparison. It was found that as the length of Cu nanorods increases, the antennas exhibit a wider bandwidth and lower frequency resonance than those of the conventional antennas based on Cu thin film. Furthermore, moving from flat surface to well-separated nanorods results in a decrease in the resonant frequency, while there was no observable effect on the bandwidth. These enhancements are attributed to the mutual coupling occurring among Cu nanorods. Based on the antenna characterization, the 1000 nm long Cu nanorods sample was selected for gas detection measurements due to its observed sharp resonance and narrow bandwidth. The detection mechanism is based on the change of in the magnitude of the reflection coefficient as well as the resonant frequency due to the introductions of different gases. The proposed sensor based on Cu nanorods shows a significant response in
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INTRODUCTION
Copper has been applied in several branches of industries due to its favorable electrical properties [1] . For example, bulk Cu is widely used in the fabrication of microstrip antennas due to the inherent need of conductive parts such as patches and ground planes [2] . Recently, sputter-deposited metallic nanorods produced by glancing angle deposition (GLAD) technique have shown great promise in different applications such us heat transfer [3] and energy applications [4] due to their unique physical and chemical properties such as single-crystal property and formation of uncommon crystal planes [4] . However, their application in antennas has not been explored yet. GLAD nanorods can be grown with high aspect ratios, which can lead to high impedance values of an individual nanorod. Moreover, length of the GLAD nanorod can be controlled to range from some hundreds to few thousands of subwavelengths at the microwave regime [5] .
On the other hand, wireless gas detection has received a substantial attention by researchers due to the recent demands in many industrial, medical, and commercial applications [6] . Therefore, there are several attempts for constructing gas detectors based on various nanoscale structures and organic materials [6] . Nanoscale structures became one of the frontiers that can support the new generations of antenna technology. For example, the change in the electrical response of the multi walled carbon nanotube films due to the presence of different gases at room temperature has been recently investigated by Sidek et al. [7] . The Radio Frequency IDentification (RFID)-enabled wireless gas sensor was used to detect different gases such as ammonia, methanol, ethanol, acetone, and nitrogen oxide by integrating conformal RFID antenna to carbon nanotube films in a chipless fashion [8] . Balachandran et al. [9] developed a capacitive sensor for ethylene gas detection by integrating tin oxide (SnO 2 ) nanoparticles to a microstrip antenna. Furthermore, functionalized carbon nanotubes and polymethylmethacrylate were embedded in composite polymer thin films to design passive wireless detectors for detecting hazard biological materials and vapors [10] . In another study [11] , vertically aligned multi walled carbon nanotube arrays were investigated for ammonia sensing at microwave frequencies. The carbon nanotubes-based gas sensors were developed to detect different gases based on the change in the reflection coefficient magnitude as a response to the introduction of each gas [12, 13] . A one-dimensional hydrogen detector based on an individual zinc oxide (ZnO) nanorod was developed and investigated for its gas detection property [14] . Highly crystalline tungsten oxide nanorods were grown onto a silicon substrate and used as a temperature-dependent gas sensor operated within the temperature range of 20-250 • C [15] . J. X. Wang et al. [16] fabricated a hydrogen gas detector which comprised from vertically aligned ZnO nanorod arrays grown on ZnO thin film. In addition, a gas sensor based on multi walled carbon nanotube-silicon dioxide composite layer deposited on a planar inductor-capacitor resonant circuit connected to a loop antenna was studied for monitoring carbon dioxide, oxygen, and ammonia [17] . Other examples of nanostructured gas detectors reported in the literature [18] [19] [20] were operated by measuring the impedance of coated capacitors with a gas-responsive polymers mixed with carbon nanotubes or ceramic such as hetero polysiloxane.
Most of the previously reported gas sensors/detectors suffer from several common problems such as wiring connections between the sensor head, power supply, and data processing circuitry [6] . In addition, the integration of these sensors/detectors with wireless devices is very difficult due to antenna matching limitations. Moreover, gas sensors/detectors based on carbon nanotubes depend on the carbon nanotubes functionalization with the environmental gases which is difficult to control [20] . Nevertheless, gas sensors based on gas-responsive polymers or ceramic materials suffer from limited battery lifetime [15] . Due to these limitations, there exists a great interest in developing novel gas sensors/detectors based on metallic nanostructures without the need for wiring connections or chemical fictionalization. The sensor should be easy to integrate with wireless devices to alleviate issues pertaining battery life time. Finally, in all pervious researches, the sensing process is based on the chemical and/ or physical interactions between the gas particles and materials due to gas contaminations. However, in our proposed senor, the sensing philosophy is based on the electromagnetic fields interactions between the gas particles and the trapped fields among Cu nanorods.
The objective of this study is to extend the function of conventional microstrip antennas to include wireless gas detection based on measuring the change in the reflection coefficient and resonant frequency upon exposure to different gases under the atmospheric pressure.
The proposed sensor was constructed from a silicon substrate backed with a Cu plate which functions as the ground plane for the microstrip antenna. The microstrip antenna patch was loaded with 2-D arrays of Cu nanorods and is fed a 50 Ω microstrip transmission line connected to a 50 Ω Sub Miniature version A (SMA) connector. Six different prototypes of microstrip antennas based on different lengths and separations of the Cu nanorod arrays were tested. The first prototype was fabricated based on conventional bulk Cu, the second is from sputtered Cu thin film, and the rest were fabricated from Cu nanorods with different lengths and morphologies/separations. The Cu nanorods based antenna that achieved the best response for gas detection was compared to the conventional antenna based on bulk Cu. The Cu nanorods were fabricated using GLAD technique which provides the capability for growing nanostructure arrays with enhanced material properties such as high electrical/thermal conductivity and reduced oxidation compared to the polycrystalline films [21] . It offers simple, single-step, cost-and time-efficient method to fabricate nanostructured arrays of various elemental materials as well as alloys and oxides. The GLAD technique uses the "shadowing effect," through which obliquely incident atoms/molecules can only deposit on the tops of higher surface points, such as to the tips of a nanostructured array or on the highest points of a rough or patterned substrate. Some rods grow faster in the vertical direction due to the statistical fluctuations in the growth and effect of initial substrate surface roughness. These rods capture the incident particles due to their higher height, while the shorter rods get shadowed and cannot grow anymore. As a result, isolated nanostructures can be formed. The deposition rate, incidence angle, substrate rotation speed, working gas pressure, substrate temperature, and the initial surface topography of the substrate can be utilized to control the shadowing effect.
ANTENNA AND SENSOR FABRICATION
The schematic of the GLAD experimental setup (Excel Instrument, India) was used in the present study as shown in Fig. 1 . In our experiments, we employed the DC magnetron sputter technique for the fabrication of the vertically aligned Cu nanorod arrays and flat Cu film coatings using a 99.9% pure Cu source (target) and 7.6 cm in diameter. The substrate was mounted on a sample holder located at a distance of about 12 cm from the source. During the growth, the substrate was tilted so that the deposition angle θ, measured from the substrate normal, is adjusted to the desired value. The substrate was attached to a stepper motor and rotates around its normal axis at a speed of 2 rpm for growing vertical Cu nanorods. The depositions were performed under a base pressure of 5 × 10 −7 Torr using a turbo-molecular pump backed by a mechanical pump. Sputter plasma was generated using a DC power value of 200 W and an ultra pure Argon flow with working gas pressure of 2.5 mTorr. Analysis based on cross sectional scanning electron microscopy (SEM, FESEM-6330F, JEOL Ltd, Tokyo, Japan) images shows that the growth rates of Cu coatings are 25, 10, and 8.6 nm/min for deposition angles of 0 • (flat film), 80 • (closely-spaced nanorods), and 87 • (well-separated nanorods), respectively. Nanorods with different lengths (L) are grown by changing the deposition time. The depositions are performed on a 2 × 2 cm 2 silicon wafer substrates. Before depositing the Cu nanorods, silicon substrates are coated with a flat 50 nm thick Cu film layer that are deposited at normal incidence which was used as a conductive layer.
The well-separated Cu nanorods were grown at lengths L = 400, 700, 1000 nm and were labelled as samples I, II, and III, respectively. A closely-spaced Cu nanorods deposited at 80 • was named as sample IV, and the flat Cu thin film that was deposited at normal incidence as sample V. Finally, the reference sample based on bulk Cu was denoted by sample VI. Figure 2 depicts the wireless passive gas sensor comprised of Cu nanorods deposited on a Cu film coated silicon substrate (ε r = 11.9 and tan δ = 0.01) and stacked on FR4 substrate. The rectangular patch was backed by Cu ground plane. The FR4 substrate was used to reinforce the silicon substrate, which is a fragile wafer, using polyimide glue of ε r = 1.05 and tan δ = 0.1. Due to the significant difference between the sizes of the Cu nanorods and the rest components of the sensor, it is neither possible nor practical to simulate the Cu nanorods based sensor.
When the microstrip antenna based on Cu nanorods arrays is exposed to any gas, the effective complex relative permittivity, ε r and ε r , of the space between the Cu nanorods varies with the gas introduction which changes the effective permittivity of the sorted medium among the Cu nanorods as described in the conceptual diagram in Fig. 3(a) . This change may be reflected on the antenna performance due to the change on the surface waves and currents on the patch of the antenna; that can be detected as sensing action due to the gas introduction. To test this hypothesis, an experimental setup is used for demonstrating the gas detecting operation. The sensor was placed inside a chamber (foam box) and the gas runs through pipes into the chamber. A hole on the top of the chamber exhausts the gas so that the chamber pressure is kept at the atmospheric pressure. The foam box dimensions in height × width × length are 70 × 60 × 100 cm 3 , respectively. Agilent E5071B, 300 kHz-8.5 GHz ENA series Network Analyzer and SN05499505 coaxial cable were used to measure the frequency spectrum of the reflection coefficient (S 11 ), the only measured response for sensing action, at the SMA terminal. The gas flow rates were controlled utilizing a mass-flow controller as schematically depicted in Fig. 3(b) . A stop watch was used for recording the saturation time at which the detector does not response for the gas introduction any more. The settling time that was required by the sensor to return back to its original state, before the gas introduction, was monitored too. The S 11 spectra were measured before and after gas introductions into the chamber to realize the difference in the resonant frequency, which corresponds to the presence of the introduced gas.
RESULTS AND DISCUSSION
In this section, first SEM was utilized to study the morphology of the GLAD Cu nanorods. Then, an experimental comparison between the performance of the proposed microstrip antenna based on Cu nanorods and the conventional one was performed. Finally, the sensor performance based on Cu nanorods was evaluated and compared with that of the reference sample. The measurements for the antenna and sensor characterizations were performed utilizing network analyzer and anechoic chamber instruments.
Morphology of GLAD Cu Nanorods
Arrays of Cu nanorods with different lengths and morphologies were fabricated to systematically study the effect of the nanorods length (L) and separation (S) on the performance of the antenna/gas sensor. The SEM was used to investigate the morphology of the deposited Cu Fig. 4(b) , and conventional Cu film has a very smooth surface, Fig. 4(a) . At early stages of GLAD growth, the number density of the Cu nanorods is larger, and they have diameters as small as 5-10 nm. As they grow longer and some of the rods stop growing, due to the shadowing effect, their diameter grows up to 100 nm. The average gap among the Cu nanorods also changes with their length from 5-10 nm up to 50-100 nm at later stages. As can be seen from Figs. 4(c) and (e), the top of the vertical columns has a pyramidal shape with four facets, which indicates that an individual column might have a single crystal structure and needs further crystal structure analysis. This observation is consistent with previous studies [21] as well as our recent study [4] which reported that individual metallic nanorods fabricated by GLAD are typically single crystal. Single crystal rods do not have any interior grain boundaries and have faceted sharp tips. This property allows for reduced surface oxidation which can greatly increase the electrical conductivity, resistance to oxidation-degradation, and therefore robustness of the Cu nanorods.
Antenna Performance
The conventional microstrip antenna, (reference sample VI), was characterized theoretically and experimentally as illustrated in Figs. 2(a) and (b) . The commercial software package CST Micro Wave 
Studio (MWS)
, which is based on the FIT technique, was utilized for characterizing the performance of the conventional antenna [22] . The measured and simulated frequency spectra of S 11 and boresight gain spectra of the conventional microstrip antenna are presented in Fig. 5 . It was found that the simulated results of the conventional antenna are in a good agreement with the measured results. The conventional antenna exhibits −10 dB return loss bandwidth of 1.8% and S 11 = −20 dB at 2.61 GHz with the boresight gain of about −15 dBi as shown in Fig. 5(a). Figs. 5(b) and (c) show the measured and simulated radiation patterns for sample VI. A good agreement was observed between simulated and measured results as depicted in Fig. 5 .
Next, the measurements of S 11 spectra for the microstrip antennas with Cu nanorod arrays were compared to that of the conventional microstrip antenna. This comparison helps to clarify the effects of introducing Cu nanorods arrays on the performance of the microstrip antenna. Nevertheless, for gas detection tests, the prototype that provides the best matching with the lowest frequency resonance was chosen.
We experimentally studied the effects of L and S of the Cu nanorods on the performance of the microstrip antenna. Six prototypes were constructed using sputtered Cu thin film (sample V), closelyspaced Cu nanorods (sample IV), and isolated Cu nanorods of different 
(c) Figure 6 . Measured S 11 and boresight gain spectra of the CNRs based and conventional microstrip antenna samples for, (a) and (b) the effects of CNRs length and nanostructure morphology on S 11 spectra, (c) the effect of introducing the underlying 50 nm thin film of Cu below the CNRs on the S 11 spectra, and (d) the S 11 and boresight gain spectra of sample III.
lengths. The measured magnitude of S 11 , resonant frequency, and bandwidth of these samples are listed in Table 1 and compared with sample VI as shown in Figs. 6(a) and (b) . From the results shown in Fig. 6(a) , it was found that as L of Cu nanorods increases, the antenna exhibits wider bandwidth and lower resonant frequency in comparison to the conventional antenna. This enhancement is believed to be due to the mutual coupling occurring among Cu nanorods that creates subwavelength resonance due to the plasmonic effects of the Cu nanorods and the chirality of such complex medium [23] . Fig. 6(b) shows that as the morphology of the antenna is changed from a flat surface to closely-spaced nanorods, and then to isolated nanorods, the resonant frequency decreases. On the other hand, there is no observable effect of the Cu nanorods separation on the bandwidth. In addition, comparison of the measured S 11 spectra for the sample III and another similar antenna but this time without the underlying (b) (a) Figure 7 . Measured radiation patterns at 2.3 GHz of two similar Cu nanorod-based antennas of sample III at Φ = 0 • in the E (y-z) and at Φ = 90 • in the H (x-z) plane, (a) for the first prototype and (b) the second prototype. 50 nm thick Cu thin film is presented in Fig. 6(c) . The results reveal the necessity of using a conducting thin film in order to provide a coupling among Cu nanorod arrays. Fig. 6(d) shows the boresight gain versus frequency of sample III. The peak gain of the Cu nanorods antenna is about −20 dBi at 1.51 GHz. Comparing with results in Figs. 6(a) and 6(b), it was observed that the microstrip antenna with 1000 nm long Cu nanorods exhibits the best matching at lost frequency resonance and the best defined peak below −20 dB, which can be utilized for the highly sensitive and accurate gas detection measurements.
In Fig. 7 , the radiation patterns at Φ = 0 • and 90 • are shown at 2.3 GHz. It was found that the gains of sample III are −20.3 and −20.9 dBi at Φ = 0 • and 90 • , respectively. Radiation pattern measurements were also reported for a second prototype of sample III for verification purposes. The radiation patterns presented in Fig. 7 are significantly different than those of sample VI as shown in Figs. 5(b) and (c). These differences clearly show the effect of Cu nanorods when incorporated into the microstrip antenna structure.
Characterization of Gas Detection
The detection capability of the proposed wireless sensor of sample III is based on the interaction between the induced waves on the Cu nanorod arrays with the surrounding environment. The proposed senor is applicable for detection of any type of gas under the atmospheric pressure based on the sensing mechanism explained above. However, for the demonstration purpose, the gas sensing was performed on three different gases oxygen, argon, and nitrogen. The detector response is based on measuring the change in S 11 spectra which corresponds to the introduced gases. The experimental setup consists of a chamber in which the sensor was attached to sidewall to avoid any vibration during the measurements. The Agilent network analyzer model E5071B with frequency accuracy, +/ − 5 ppm, and trace noise, 0.001 dB rms, was utilized to monitor the spectrum of S 11 magnitude.
The microstrip antenna of sample III was chosen for gas detection tests due its excellent matching. The reference sample VI was also used for comparison in an effort to show the difference in the antenna response to the gas introduction. In each test, the antenna was exposed to one of the three different gasses in a controlled ambient atmosphere. The performance was measured in terms of S 11 after the gas introduction and the results are presented in Fig. 8 . The resonant frequency and S 11 of sample III significantly changed due to the introduction of each individual gas as shown in Fig. 8(a) . These changes were observed after a relatively short time of about 30 seconds from the gas introduction and for a slow gas flow rate of about 1000 ml/min. The resonant frequency was reduced after introducing oxygen gas by 10 MHz, while it is shifted by 20 and 30 MHz for argon and nitrogen gases, respectively. Moreover, the return loss magnitude was decreased from −50 to −47, −42, and −38 dB after exposing the antenna to oxygen, argon, and nitrogen gases, respectively. Similar measurements were carried out on sample VI. It was found that there is no measurable change in S 11 or resonant frequency in response to the introduction of the different gases as shown in Fig. 8(b) . The details of gas type, the saturation time, settling time, and flow rates are listed in Table 2 for both samples III and IV. 
CONCLUSION
A novel wireless gas sensor utilizing Cu nanorods operating at the microwave frequency region was demonstrated. The proposed sensor is composed of Cu nanorod arrays grown by GLAD technique on a conventional microstrip antenna to distinguish different gases at the atmospheric pressure. The performance of the sensor was tested and compared to an antenna sample without Cu nanorods. Bandwidth of the microstrip antenna with Cu nanorods of 1000 nm length is 0.35 GHz which is higher than that of the conventional bulk Cu microstrip antenna, which is 0.21 GHz. Moreover, the Cu nanorods based microstrip antenna exhibits a resonant frequency of 1.51 GHz which is lower than the 2.61 GHz value for the conventional microstrip antenna, resulting in an increase in the miniaturization factor for the microstrip antenna based Cu nanorods. However, the measured gain is about −20.3 dBi which is lower than −15 dBi for the conventional antenna. Furthermore, an experimental study has been performed to test the antenna return loss spectra for Cu nanorods with different lengths and separations. It was found that the bandwidth of the Cu nanorod arrays antenna increases with the length of Cu nanorods. As the Cu coating morphology was changed from flat surface to closely-spaced nanorods, and then to isolated Cu nanorod arrays, a reduction in the resonant frequency has been observed without a notable effect on the bandwidth. Finally, the microstrip antenna patch with 1000 nm long CNu nanorods was selected for gas detection studies due to the sharp and well defined peak at −50 dB where its bandwidth becomes very narrow, especially after −20 dB. Gas detection measurements, under the atmospheric pressure, on Cu nanorods antenna samples revealed a shift in the resonance frequency by 10 MHz, 20 MHz, and 30 MHz in response to the introduction of oxygen, argon, and nitrogen, respectively, while the conventional microstrip antenna shows no response. More in depth theoretical investigation is required for better understanding of the unusual behavior of the proposed microstrip antenna/gas detector based on Cu nanorods.
